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SUMMARY 
Advanced temperature nickel-  and cobalt-base a l loys  a re  under development 
a t  the  NASA Lewis Research Center. The s t rongest  nickel-base a.lloys developed 
compare fa.vorably i n  high-temperature s t rength  with the  s t rongest  cas t  commer- 
c i a l  nickel-base a.lloys and have some workability. The cobalt-base a l loys  com- 
pare wel l  i n  high-temperature s t r eng th  with the  s t rongest  cas t  commercial 
cobalt-base a l loys  and have good r o l l a b i l i t y  cha rac t e r i s t i c s .  
The cobalt  -base a l loys  a re  unique i n  that they a re  strengthened pr imari ly  
by low-vola t i l i ty  mater ia ls ,  such as the  r e f r ac to ry  metals. Beca.use of t h i s ,  
they a re  inherent ly  more r e s i s t a n t  t o  evaporation i n  a vacuum environment than 
conventional cobalt-base superalloys that contain large a.mounts of chromium. 
T h i s  would indica.te t h a t ,  i n  addi t ion  t o  space-power a.pplications, they might 
be used adva.ntageously i n  i n d u s t r i a l  appl icat ions where high-temperature 
s t rength  and res i s tance  t o  evaporative loss are  major requirements. 
INTRODUCTXON 
Superalloys perform a major r o l e  i n  meeting space-age mater ia ls  require-  
ments i n  the  in-termediate temperature range between approximately 1500° and 
2200OF. 
oxidation res i s tance  makes such a l loys  prime candidates f o r  many aerospace ap- 
p l i ca t ions .  These include tu rbo je t  engine s t a t o r  vanes, turbine buckets, com- 
bust ion chamber and t a i l p i p e  assemblies, and suborb i ta l  and space vehicle 
s t r u c t u r a l  members, t o  mention a few. 
op improved superalloys i n  order t o  meet t he  severe materials requirements i m -  
posed by advanced engine and vehicle designs. O f  course, these a l loys  can be 
applied i n  areas other than the  aerospace f i e l d ,  and it i s  expected t h a t  indus- 
t r y  w i l l  benef i t  f r o m t h e  a v a i l a b i l i t y  of newer and stronger superalloys. 
Their high s t rength  a t  these temperatures coupled wi-bh general ly  good 
The NASA i s  conducting research t o  devel- 
Research programs a.re i n  progress t o  provide both improved advanced- 
temperature nickel-base superalloys ( r e f s .  1 t o  5), as w e l l  a.s cobalt-base 
a l loys  ( r e f s .  6 and 7 ) .  
search areas  i s  presented. 
A review of t he  progress made t o  date i n  these  r e -  
l l l l l l l  I I1 I II 
Molybdenum - 
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KtCKEL-BA.SE ALLOY RESEARCH 
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The nominal composition i n  weight percent of t h e  ba.sic NASA. nickel-base 
a.lloy i s  given i n  t h e  following t a b l e  : 
I I I 8 I 6 ] 6 I 1 I Balance I 
This composition w a s  se lec ted  f o r  high-temperature s t rength  and d u c t i l i t y  from 
screening studAes of various experimental compositions by s t ress-rupture  a.nd 
t e n s i l e  tests. It w a s  s e l ec t ed  as t h e  bas i s  f o r  fu r the r  systematic a l loying 
s tud ie s  u t i l i z i n g  t h e  following elements: carbon, t i tanium, vanadium, tung- 
s ten ,  and tantalum as wel l  as c e r t a i n  combinations of these elements. All t h e  
experimental a l loys  inves t iga ted  were induction melted under an i n e r t  gas 
cover. It i s  s ign i f i can t  t o  note that vacuum cast ing techniques a re  not r e -  
quired f o r  these alloys.  Experimental melts were approximately 3 pounds i n  
weight, and investment cast ing techniques were employed t o  make tes t  specimens. 
High-Temperature Strength ,. 
By way of an ove ra l l  summary, f i gu re  1 shows the  improvements i n  15,000- 
pound-per-square-inch s t ress - rupture  propert ies  obtained t o  date by modifica- 
t i ons  of the  bas ic  a l loy.  Succes- 
s ive  improvements were ma.de by 
means of t he  t i tanium ( T i ) ,  ca.rbon 
( C )  modification, t he  tungsten (W) , 
vanadium ( V ) ,  C modification, a.nd 
t h e  tantalum (Ta.), W, V, C modifi- 
cation, a l s o  r e fe r r ed  t o  as t h e  
HASA TaZ-8 a. l loy.  The elrtent of 
t he  improvements i s  qui te  a.ppreci- 
able .  Thus, a t  1800’ F, a.vera.ge 
l i f e  has been extended from l e s s  
than 100 hours with the  bas ic  a l loy  
t o  approximately 1200 hours with t h e  
TaZ-8 a l loy .  Perhaps even more i m -  
por tant  has been the  increase i n  use 
temperature t h a t  w a s  obtained. For 
100-hour l i f e ,  f o r  example, 15,000 
pound per square inch use tempera- 
t u r e  has been increased from approx- 
imately 17800 
t o  1915O F with the  TaZ-8 a l loy .  
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Figure 1. - Stress-rupture comparison of the NASA nidel-base 
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for the basic alloy alloy series at stress of 15,000 pounds per square inch. 
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This composition d i f f e r s  
from the  bas ic  mAsA. a l l oy  i n  
t h a t  Ta, V, W, and C have 
been added and the  molybde- 
- num (Mo) content reduced. 
To provide an indica- 
t i o n  of how the  s t rongest  of 
these  a l loys ,  t he  TaZ-8 
a l loy ,  compares with the 
s t rongest  commercial nickel-  
base a l loys ,  a bar-chart  
- comparison of use tempera- 
ture i s  given i n  f igu re  2. 
The 100-hour operating tem- 
perature a t  15,000-pound- 
per-square-inch s t r e s s  i s  
I 
t i o n  values were 1 6  and 8 percent a t  2100' F i n  the  as-cast  and as-forged con- 
d i t ion ,  respectively.  These elevated temperature t e n s i l e  s t rengths  a re  high 
f o r  nickel-base al loys.  A t  2000' F, f o r  example, the  as-cast  ult imate t e n s i l e  
s t rength of the  TaZ-8 a l loy  exceeds t h a t  of any of t he  unalloyed re f rac tory  
nietals. 
Workab i 1 it y 
Xn addi t ion t o  excel lent  long time high-temperature-strength propert ies ,  
t h i s  a l l o y  has su f f i c i en t  d u c t i l i t y  s o  t h a t  it has workabili ty potent ia l .  With 
regard t o  workabili ty,  f igure  4 shows the  degree of deformation achieved a t  
( a )  As-cast and as-forged bars. ( b l  Sections of forged bars showing various degrees of reduction. 
Figure 4. - Deformation of cold-forged bars of NASA TaZ-8 alloy. 
room temperature i n  a 4500-pound drop forge with a 1/2-inch-diameter cas t  round 
of t he  TaZ-8 a l loy .  Reductions i n  thickness of 29 percent,  as  shown here, have 
been obtained without edge cracking. These r e s u l t s  ind ica te  t h a t  the a l loy  has 
a considerable degree of d u c t i l i t y .  Superstrength sheet has a l s o  been obtained 
from t h i s  a l loy.  This work was done under Air Force sponsorship by another i n -  
ves t iga tor  ( r e f .  11). Cast s labs  of t he  TaZ-8 a l loy  that were 0.100 inch th i ck  
were successful ly  reduced t o  0.015-inch-thick sheets  by using special ized r o l l -  
ing equipment. 
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Figure 5. - Oxidation data for several nickel-base alloys 
at 1900' F. 
0xida.t i on Res i s  tance 
I n  addi t ion t o  good workabili ty 
and high short-time elevated-temperature 
s t rength,  good oxidation res i s tance  a t  
high temperatures i s  a l so  required from 
nickel-base a l loys ,  pa r t i cu la r ly  f o r  
reent ry  vehicle applications.  Figure 5 
compares the  1900° 3' oxidation r e s i s -  
tance on the  bas i s  of weight gain per 
un i t  a rea  of t he  NASA TaZ-8 a l loy  with 
Re& 41, present ly  a leading contender 
f o r  reent ry  vehicle skin panels. Also 
shown i n  f igure  5 a r e  data f o r  Nicro- 
tung, a strong cas t  nickel-base a l loy ,  
and Nichrome, a very weak mater ia l  with 
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excel lent  oxidation res i s tance ,  which i s  included here as  a frame of reference. 
The TaZ-8 a l loy  shows a weight gain per uni t  area intermediate t o  Nicrotung and 
Re& 41, which indicates  oxidation cha rac t e r i s t i c s  more favorable than Nicro- 
tung but l e s s  favorable than R e d  41. 
Some spa l l ing  of t he  oxide sca les  was observed with a l l  of these a l loys ,  
but it was more pronounced with the  TaZ-8 a l loy .  Spalling of the  oxide i s  p w -  
t i c u l a r l y  undesirable f o r  t h i n  panel sect ions of reent ry  vehicles s ince it con- 
t i n u a l l y  exposes a f r e s h  metal surface t o  the  oxidizing environment. T h i s  can 
adversely a f f e c t  the s t r u c t u r a l  i n t e g r i t y  of such a t h i n  section. 
Metallographic s tud ies  ind ica te  another a.spect of t h e  oxidation problem 
with these alloys t h a t  is of importance. Figure 6 shows the  microstructures of 
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Figure 6. - Microstructure of oxidation test specimens after 200 hours at 1900" F. X750. 
oxidized samples of TaZ-8 and Re& 41. 
layer ,  a depletion zone adjacent t o  the  oxidized surface,  and a r e l a t i v e l y  un- 
a f fec ted  zone. The depth of deplet ion zone i s  appreciably l e s s  f o r  TaZ-8, how- 
ever. This implies t h a t  TaZ-8 may be l e s s  subject  t o  s t r u c t u r a l  de te r iora t ion  
a s  a r e s u l t  of depletion of a l loying const i tuents  upon exposure t o  high- 
temperature oxidizing conditions, even though it i s  more subject  t o  spalling 
than Re& 41. 
Both a l loys  display an ex terna l  oxide 
Various modifications of the WSA TaZ-8 a l loy  a re  under inves t iga t ion  t o  
improve i t s  high-temperature oxidation res i s tance  as wel l  as i t s  high- 
temperature s t rength.  Some preliminary oxidation data obtained a t  1900' F with 
one of the  most promising modifications a re  shown i n  f igure  7 compared with the  
TaZ-8 a l loy  and with Re& 41 on a weight gain per unit area basis .  The modified I 
0 Modified NASA 
(TaZ-8) alloy 
NABA TaZ-8 a l l o y  shows a lower weight gain per un i t  
a r ea  than Ren6 41 up t o  approximately 200 hours but a 
g rea t e r  gain beyond 200 hours. It is of i n t e r e s t  t o  
note t h a t  t he  spa l l i ng  observed previously with t h e  
TaZ-8 a l l o y  appears t o  h v e  been v i r t u a l l y  eliminated 
with t h e  modified a l loy ,  aad that it was s ign i f i can t ly  
l e s s  than t h a t  observed with Re& 41. The high- 
temperature proper t ies  and workabili ty of t h i s  modi- 
f i e d  a l loy  a re  now being investigated,  and preliminary 
d a t a  ind ica te  t h a t  these  proper t ies  a r e  at l e a s t  as 
good as those of t h e  TaZ-8 alloy. 
I 
Applications 
I 
A major area of i n t e r e s t  f o r  nickel-base super- 
a l loys  i s  in  tu rbo je t  engine appl icat ions,  Figure 8 
shows the  r e s u l t s  of some j e t  engine tests made with one of the  e a r l i e r  a l loys  
i n  this se r i e s ,  a Ti ,C modification of the  bas ic  a l loy .  
T h i s  a l l oy  was evaluated as a turbine r o t o r  bucket ma te r i a l  along with 
severa l  commercial superalloys i n  a modified 533-9 engine. Turbine i n l e t  
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g a s  temperature was 1800' F 
and t h e  maximum bucket t e m -  
perature  w a s  165OoF. It 
i s  s ign i f i can t  t o  note t h a t  
these temperatures a re  ap- 
proximately looo F or more 
above those cur ren t ly  em- 
ployed i n  commercial turbo- 
j e t  engines. A s  buckets 
failed o r  were severely dam- 
aged during the  course of 
t he  t e s t ,  which was con- 
ducted a t  r a t ed  engine speed, 
they were replaced with new 
ones. The r e s u l t s  obtained 
with t h i s  a l l o y  a re  compared 
with those of  cas t  Udimet 
500. After  407 hours, four  
of t he  o r ig ina l  s i x  USA al loy  buckets remained intact .  One w a s  removed f o r  
metallographic examination a f t e r  223 hours, and another f a i l e d  i n  fa t igue  a f t e r  
340 hours. The la te r  a l loys  of t h i s  s e r i e s  have b e t t e r  high-temperature 
s t rength  and d u c t i l i t y  than the  T i , C  modified alloy. This suggests t h a t  they 
should a l so  perform more favorably as turbine buckets a t  i n l e t  gas temperatures 
of 1800° F and above. 
Another i n t e r e s t i n g  appl icat ion f o r  these  a l loys  now under consideration 
i s  i n  suborb i ta l  f l i g h t  vehicles  such as the  NASA X-15 a i rp lane  shown in fig- 
ure  9. As t h e  X-15 descends through t h e  Ear th ls  atmosphere, t h e  temperatures 
of many p a r t s  of t h i s  a i rp lane  assume values at which mater ia l  s t rength  deter io-  
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Figure 9. - NASA X-15 airplane. 
r a t e s  markedly. One such area i s  the  nose sensor. Figure 10 i l l u s t r a t e s  an 
investment cas t  blank of the  nose sensor (instrument housing) cas t  from one of 
Figure 10. - Nose instrument housing of X-15 airplane. 
the  NASA a l loys  for an advanced 
version of t h i s  a i rplane.  This 
w i l l  be machined t o  the  f i n a l  
shape shown adjacent t o  it. 
p l ica t ions  a re ,  of course, 
d i r e c t l y  r e l a t ed  t o  the  aero- 
space f i e l d ,  which i s  the  area 
of immediate NASA i n t e r e s t .  It 
should be r e i t e r a t ed ,  however, 
t h a t  these a l loys  have poten- 
t i a l  f o r  use i n  any engineering 
appl icat ion where high- 
temperature s t rength  and duc- 
t i l i t y  a re  required a t  tem- 
peratures  up t o  perhaps 
These two i l l u s t r a t i v e  ap- 
2100O F. 
COBALT-BASE ALLOY RESURCH 
Research i s  a l so  being conducted t o  provide advanced temperature cobalt- 
base alloys primarily f o r  appl icat ion t o  advanced space-power systems. Fig- 
Turbine Generator 
Condenser 
radiator 
Pump Pump 
Generator 
I 
- - [: Turbine 
(a) Rankine (vapor) cycle. (b) Brayton (gas) cycle. 
Figure 11. - Nuclear turbogenerator systems. 
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ure 11 i l l u s t r a t e s  two promising systems of t h i s  type. The f igure  shows sche- 
matic diagrams of two turboelec t r ic  power systems i n  which nuclear power i s  con- 
ver ted t o  e l e c t r i c  power through the medium of closed thermodynamic cycles. 
Both a Rankine and a Brayton cycle a re  shown. I n  both systems heat energy i s  
supplied by a nuclear reactor .  A heat- t ransfer  f l u i d  i s  used t o  ex t rac t  heat 
from the  reactor  and drive a turbogenerator. The major differences between the  
two systems l i e  i n  t h e  f a c t  that the Rankine cycle employs a dual loop and uses 
l iquid-metal  heat- t ransfer  and turbine drive f l u i d s ,  whereas the  Brayton cycle 
employs a s ingle  loop and an i n e r t  gas as the  heat- t ransfer  and turbine drive 
f l u i d .  
For systems of t h i s  type, a l loys  w i t h  superior propert ies  a r e  needed for 
rad ia tor ,  ducting, turbine,  and generator components. &cause these m u s t  i n  
many cases function i n  an intermediate temperature range between approximately 
1500' and 2200' F, superalloys a re  prime contenders f o r  use i n  these compo- 
nents. Cobalt-base a l loys  a re  of par t icu lar  i n t e r e s t  i f  a l i q u i d  metal i s  used 
as  the heat- t ransfer  f l u i d  (Rankine cycle) .  
with mercury up t o  1300' F f o r  t i m e s  up t o  1000 hours have shown nickel-free 
cobalt-base al loys t o  be superior t o  nickel-base and nickel-bearing cobalt-base 
a l loys ,  although i n f e r i o r  t o  re f rac tory  metals ( r e f .  1 2 ) .  Only l imited corro- 
s i o n  data a r e  avai lable  t o  date with the a l k a l i  metals, and extensive research 
is  s t i l l  required t o  e s t a b l i s h  f u l l y  the  r e l a t i v e  merits of various materials 
with respect t o  a l k a l i  metal corrosion. The alkali metals are, of course, a l s o  
under consideration for use i n  these space-power systems. Also, cobalt has a 
somewhat lower evaporative l o s s  r a t e  than nickel. The importance of low vola- 
Extensive corrosion s tudies  made 
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Figure 12. -Vaporization loss of various metals, 
t i l i t y  i n  materials t o  be used i n  a 
space environment can b e t t e r  be under- 
stood by consideration of f igure  12,  
which shows the  loss r a t e s  of various 
metals as a function of temperature i n  
inches per  10,000 hours. This period 
of time i s  approximately equivalent t o  
an interplanetary mission of 1 year. 
These data were compiled from refer-  
ence 13. Only T i ,  C, Zr, and the re- 
f rac tory  metals have lower lo s s  r a t e s  
than cobalt. Both aluminum (Al) and 
chromium (Cr) have high lo s s  ra tes .  
Perhaps most s ign i f icant  i s  t h e  high 
evaporative loss r a t e  of C r y  which i s  
present i n  quant i t ies  up t o  25 percent 
i n  v i r t u a l l y  a l l  commercial cobalt-base 
alloys. For example, a t  1800' F, Cr 
has an evaporation l o s s  r a t e  of 0.030 
inch i n  10,000 hours, which i s  c l e a r l y  
undesirable f o r  t h i n  w a l l  tubing ap- 
pl ica t ions .  Of course, these calcula- 
t i o n s  were made for pure metals, and 
d i l u t i o n  and other e f f e c t s  w i l l  prob- 
ably e x i s t  i n  the  case of a l loys.  
Nevertheless, it appears from t h e  magnitude of these losses  t h a t  evaporation of 
v o l a t i l e  a l loying const i tuents  cannot sa fe ly  be ignored and that s t r u c t u r a l  de- 
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t e r i o r a t i o n  could occur with a l loys  conta.ining h r g e  quant i t ies  of Cr, upon 
t h e i r  exposure f o r  long t i m e  periods a t  high temperature i n  a space environment. 
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Figure l3. - Comparison of stress-rupture properties at 1800° F of several 
cast cobalt-base alloys. 
Some recent data  by Russian 
inves t iga tors  (ref. 14) have 
come t o  l i g h t  which suggest 
that there  may be a point of 
controversy as t o  t he  r e l a -  
t i v e  evaporative loss rates of 
metals such as cobalt  and 
nickel .  Un t i l  fu r the r  data. 
are obtained, t he  data  r e fe r -  
enced herein represent t he  
most complete and accepted 
data  on t h i s  subject  and m u s t  
form the  bas i s  f o r  any com- 
parisons of t h i s  nature.  
A n  inves t iga t ion  i s  be- 
ing conducted t o  provide ad- 
vanced temperature cobalt-  
low v o l a t i l i t y  a l loying con- base a l loys  which a r e  strengthened pr imari ly  by : 
s t i t u e n t s  f o r  adva.nced space-power-system appl icat ions.  
t i ons  of cobalt  - refractory-metal  a l loys  were screened f o r  high-temperature 
s t rength  and d u c t i l i t y  by s t ress-rupture  and t e n s i l e  t e s t s .  A te rnary  a l loy ,  
C O - Z ~ W - ~ T ~ ,  w a s  se lec ted  as t h e  bas i s  f o r  f u r t h e r  systematic a l loying s tudies  
u t i l i z i n g  low-vola t i l i ty  addi t ives .  All a l loys  were induction melted under an 
i n e r t  gas cover. Vacuum melting i s  not required f o r  these a l loys .  Melts were 
approximately 3 pounds i n  s i z e  and investment cast ing techniques were used t o  
make t e s t  specimens. 
Experimental composi- 
High-Temperature Strength 
Figure 13 i l l u s t r a t e s  t he  as-cast  1800' F s t ress - rupture  propert ies  i n  a i r  
of two of t he  s t rongest  a l loys  developed thus f a r ,  a 0.4C modified a l loy  and 
100Xld 
Co-2NV-lTi-O.4C 
solution treated at - 
'0 2 4 ° F  
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Figure 14. - Stress-rupture properties at 1W0 F of 
Co-25W-lTi-O.4C alloy sheet in helium and cur- 
rent sheet alloys in air. 
t h e  O.BC,lZr modified a l loy ,  com- 
pared with severa l  of the  strong- 
e s t  current ca s t  cobalt-base 
a l loys ,  SM 302 and HS 31 (ref. 15), 
and WI-52 ( r e f .  16). It is evi-  
dent t h a t ,  although no a.ttempts 
were made t o  pro tec t  t h e  experi-  
mental a l loys  against  oxidation by 
coatings,  t he  l i v e s  of these 
a l loys  compare favorably with 
those of t he  commercial a l loys ,  
a l l  of which contain between 2 1  and 
25 percent C r .  
a l s o  been obta.ined with sheet 
mater ia l  of t h e  0.4C modified 
a l loy .  Figure 14 illustrates t h e  
Some s t ress - rupture  data  have 
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1800' F sheet stress-rupture properties of this alloy compared with those of 
two of the strongest current cobalt-base sheet alloys, J-1650 (ref. 15) and 
L-605 also known as Haynes Alloy 25 (ref. 17). To avoid loss of load bearing 
area by oxidation, the small cobalt - refractory-metal alloy sheet (0.060-in.) 
specimens were tested in helium. Although only limited data have been obtained 
to date, these data compare quite well with the commercial alloys. Solution 
treatments were the only heat treatments attempted with the experimental alloy. 
It is probable that its properties could be improved by suitable aging or com- 
binations of working and aging. 
simulate space conditions more closely. 
Sheet specimens will be tested in vacuum t o  
The tensile properties of the 0.4C and the 0.4C - 1Zr modified alloys are 
summarized in the following table: 
Alloy Conaition 
Cast 
Test 
temperature , 
OF 
U l t i m a t e  
t e n s i l e  
s t rength 
psi  
C0-25W-lTi-0.4C 
Co-25W- 1 T i  -1Zr - 0.4C 
As-cast 
As-cast 
Room 
1800 1 Room 97,000 44,870 98 , 580 
Sheet 
A s  -r o l l e  d 
Solution t r ea t ed  
Solution t r ea t ed  
Solution t r ea t ed  
a t  2475' F 
a t  2400' F 
a t  2400' F 
A s  - rol led 
Solution t r ea t ed  
Solution t r e a t  e d 
a t  2400' F 
at 2400' F 
Room 
Room 
Room 
1800 
Room 
Room 
1800 
204 400 
106,000 
144,250 
34,800 
179,3 00 
147 , 030 
38 , 250 
Elongation, 
percent 
6.2 
12.5 
3.5 
22.6 
14.4 
20.3 
15.5 
20. 2 
20.5 
19.5 
Both as-cast and sheet da.ta. are shown. Several points should be noted with re- 
spect to these data. 
cent f or the sheet ma.teria1. The a.s-hot-rolled room-temperature tensile 
strengths exceed 200,000 pounds per square inch. The latter fact may be of 
considerable interest for room-tempera.ture applications where high-strength 
sheet is required. S t i l l  higher strengths are probably obtainable by cold r o l l -  
ing. These alloys thus afford a combination of high-elevated-temperature and 
room-temperature strength. 
The elongations range between approximately 15 and 22 per- 
Further alloying investigations are being conducted to extend further the 
high-temperature strength ca.pability of this family of a.lloys. 
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Workability 
Since good workabili ty is  another major requirement f o r  a.dvanced power 
system ducting and r ad ia to r  appl icat ions,  attempts were made t o  form t h e  strong- 
e s t  cobalt  - refractory-metal  a l loys  i n t o  sheet.  
able. 
The a l loys  were r ead i ly  r o l l -  
This i s  i l l u s t r a t e d  p i c t o r i a l l y  i n  f igu re  15, which shows a ch i l l - cas t  
C-66228 
Figure 15. - Steps in  rolling_alloy Co-25W-lTi-lZr-0.4C. 
s lab  of t h e  Co-25W-lTi-lZr- 
0.4C a l loy  approximately 2 by 
2- inches and - inch thick.  
The 0.045-inch sheet adjacent 
t o  it w a s  obtained by hot roll- 
ing a t  2150' F, and no edge 
cracking w a s  observed. On t h e  
r i g h t  i s  a sec t ion  of a 0.045- 
inch-thick sheet that w a s  fur- 
t h e r  reduced t o  a thickness of 
0.013 inch by cold ro l l i ng .  
The ease with which these 
a.lloys ca.n be r o l l e d  suggests 
t h a t  they ca.n be formed i n t o  
t h e  complex shapes required 
f o r  r ad ia to r  a.nd ducting com- 
ponents of advanced space- 
1 1 
2 2 
power systems a.nd used f o r  other high-temperature aerospace appl icat ions as 
well. 
Oxidation Resistance 
Although the  cobalt  - refractory-metal  a.lloys under inves t iga t ion  cannot 
be expected t o  have the  same high degree of oxidation resista.nce observed i n  
high C r  bearing superalloys,  it w a s  found that these a l loys  ce r t a in ly  do not 
oxidize catastrophica.l ly.  On the  contrary,  t h e i r  long l i f e  i n  air i n  high- 
temperature s t ress - rupture  t e s t s  suggests t h a t  these a.lloys have a t  l e a s t  l i m -  
i t e d  app l i cab i l i t y  i n  the  uncoated condition i n  an oxidizing environment. 
course, i n  space-power-system appl icat ions where a vacuum environment i s  in -  
volved, oxidation i s  not a problem. By providing protect ive coatings,  t h e  
po ten t i a l  of these  a l loys  i s  fu r the r  enhanced f o r  a va r i e ty  of other high- 
temperature appl icat ions including tu rbo je t  engine components, such as s t a t o r  
vanes, turbine buckets, combustor, and t a i l p i p e  components. 
O f  
CONCLUDING REMARKS 
I n  view of t he  po ten t i a l  of these  nickel-  and cobalt-base a.lloys f o r  high- 
temperature aerospace appl icat ions,  research is continuing t o  extend t h e i r  
high-temperature capabi l i ty .  Although these  a.lloys were developed f o r  aero- 
11 
space appl icat ions,  t h e i r  advantageous propert ies  suggest t h a t  they be consid- 
e red  f o r  appropriate high-tempera.ture i n d u s t r i a l  appl icat ions a.s well .  
Lewis Research Center 
Nationa,l Aeronautics and Space Administration 
Clevela.nd, Ohio, June 24, 1964 
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